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ABSTRACT
Interactions between a spherical shock wave and a turbulent cylinder wake are studied with wind tunnel experiments. The shock wave is
generated outside the wake and propagates across the turbulent wake. Instantaneous streamwise velocity is measured on the wake centerline
while peak overpressure of the shock wave is measured outside the wake after the shock wave has passed across the wake. The experiments
are performed for various conditions of the cylinder wake to investigate the influences of the root-mean-squared (rms) velocity fluctuation
and of the length of the turbulent region through which the shock wave propagates. The velocity fluctuation opposite to the shock propa-
gation direction is positively correlated with the peak-overpressure fluctuation. The mean peak overpressure decreases after the shock wave
propagates in the wake. These relations between velocity and peak overpressure are explained by the shock-surface deformation, where the
peak overpressure is increased and decreased, respectively, for the shock surfaces with concave and convex shapes in relation to the shock
propagation direction. The correlation coefficients between the velocity and peak-overpressure fluctuations and the rms peak-overpressure
fluctuation increase with the rms velocity fluctuation. The rms peak-overpressure fluctuation becomes independent of the turbulent length
on the shock ray once the shock wave has propagated through a sufficiently long turbulent region. The peak-overpressure fluctuation has a
probability density function (PDF) close to a Gaussian shape even though the PDF of velocity fluctuations in the wake is negatively skewed.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128267., s

I. INTRODUCTION

Interactions between a shock wave and turbulence can be found
in various scientific problems. For example, the sonic boom caused
by the shock wave induced by supersonic flight propagates through
atmospheric turbulence. The interaction of the shock wave with
atmospheric turbulence alters the pressure waveform observed on
the ground.1 Because the pressure waveform is directly related to
the noise level of the sonic boom, the interaction between the shock
wave and atmospheric turbulence is considered an important fac-
tor in the prediction of a sonic boom.2–4 Understanding the mech-
anism of the interaction between the shock wave and turbulence
is expected to contribute to sonic boom prediction. Propagation
of the shock wave in turbulence affects the strength of the shock
wave, i.e., shock Mach number, which is an important parameter in
flows with shock waves. Therefore, in addition to the importance of

the shock/turbulence interaction in engineering fields, it also plays
important roles in physics problems such as in star formation by
supernova explosion5 and inertial confinement fusion.6

Shock/turbulence interactions have been studied in theories,
experiments, and numerical simulations. From the view point
of turbulence, various theories and models have been developed
for homogeneous turbulence because the assumption of statisti-
cal homogeneity results in a relatively simple description by gov-
erning equations of statistics.7,8 Similarly, many theoretical stud-
ies of shock/turbulence interaction also deal with homogeneous
turbulence.9–14 Numerical simulations have also been performed
for the interaction between a normal shock wave and homoge-
neous turbulence (homogeneous in the shock tangential direc-
tions).9,11,15–19 Similarly, experiments have been conducted to study
the interaction between shock waves and grid-generated turbulence,
which is often considered as a good approximation of decaying
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homogeneous isotropic turbulence.20–22 These previous studies have
found changes in the characteristics of both shock wave and
turbulence by the interaction.

In most practical problems, however, turbulence is statistically
inhomogeneous, where statistics are dependent on positions in a
flow. For example, the sonic boom is influenced by atmospheric
boundary layers, whose characteristics significantly vary in the ver-
tical direction.23 Free shear flows, such as jets, mixing layers, and
wakes, are canonical inhomogeneous turbulent flows and have been
studied to investigate turbulence from many aspects. These flows
have a large mean velocity gradient in the transverse direction, which
results in the production of turbulent kinetic energy. A shock wave
interacting with a jet was studied with a conical shock tube, where
the shock wave propagates in the same or opposite direction of the
jet.24 They confirmed that the pressure jump by the shock wave is
intensified when the shock propagation direction is opposite to the
jet direction and vice versa. Kim et al. investigated turbulent effects
on overpressure behind a blast wave interacting with a turbulent
jet,25 where the shock wave propagates in the transverse direction of
the jet. They found that both average and root-mean-squared (rms)
fluctuation of the peak overpressure change by the interaction with
the turbulent jet.

An important feature of free shear flows is outer intermittency:
At a fixed location in the flow, both turbulent and nonturbulent
(laminar) fluids can be observed depending on time.7 The flow char-
acteristics are very different between the turbulent and nonturbulent
regions.26–31 Since the turbulent fluid has stronger velocity fluctu-
ations than the nonturbulent fluid, it is expected that the spatial
distribution of turbulent fluids is important in the shock wave prop-
agating through free shear flows. For example, the shock waves are
generated inside a high-speed turbulent mixing layer and propagate
outward from the mixing layer.32–34 This propagation of the shock
waves can also be influenced by the intermittent turbulent profile
of the mixing layer. The spatial distribution of turbulent fluids can
also be important in interactions between shock waves and turbu-
lent boundary layers.35,36 Numerical simulations found that once
the shock wave begins to propagate through turbulence, the rms
fluctuation of the pressure jump across the shock wave gradually
increases.18 This result also indicates the importance of the spatial
distribution of turbulence when the shock wave propagates through
intermittent turbulent flows. Even though inhomogeneity of tur-
bulence is expected to be important in the interaction between the
shock wave and turbulence, the shock wave propagating in inhomo-
geneous turbulence has not been studied in a systematic manner in
previous studies.

In this study, wind tunnel experiments are conducted for the
interaction between a spherical shock wave and a turbulent cylinder
wake, which is produced by a cylinder placed in the freestream. The
shock wave propagates from the laminar freestream region to the
turbulent cylinder wake and passes across the turbulent region to the
laminar freestream in another side of the wake. In the experiments,
the velocity fluctuation in the wake and overpressure behind the
shock wave are measured. The experiments are performed to inves-
tigate the turbulent effects on the shock wave in terms of the rms
velocity fluctuation and the length of the turbulent region through
which the shock wave propagates. The interaction between shock
waves and turbulence in physics and engineering problems is far
more complicated than in laboratory experiments. However, in this
study, a series of experiments conducted under idealized condi-
tions are useful for identifying the factors that influence the inter-
action. The present experiments are designed to study the effects of
statistical inhomogeneity in the turbulent velocity field.

This paper is organized as follows: The details of the experi-
ments are presented in Sec. II, where the experimental setup and
methods of statistical analysis are presented. Section III presents the
experimental results: the fundamental characteristics of the turbu-
lent cylinder wakes, the statistics of the peak overpressure of the
spherical shock wave interacting with the wake, and the relation
between the velocity fluctuation in the wake and the peak over-
pressure of the shock wave. Finally, the conclusion is presented in
Sec. IV.

II. WIND TUNNEL EXPERIMENTS
A. Experimental apparatus

We conduct wind tunnel experiments of the interaction
between the turbulent cylinder wake and the spherical shock wave.
The experimental setup is shown in Fig. 1. The experiments are
conducted with a closed-loop wind tunnel whose test section with
a streamwise length of 4000 mm has a cross section of 994 mm
× 460 mm. The detail of the wind tunnel can be found in Ref. 37.
The shock wave generator was developed in Ref. 21 and has also been
used in our previous studies.22,38,39 The shock wave is generated in a
shock tube with a quick piston valve, which releases compressed air
at 900 kPa into air at atmospheric pressure. The shock wave prop-
agates through the tube whose open end is connected to the wind
tunnel. The shock wave is ejected vertically downward from the open
end of the tube into the test section and forms the spherical shock
wave. The cylinder wake is generated by installing an aluminum

FIG. 1. Schematic of experiments of the interaction between
a spherical shock wave and a cylinder wake.
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hollow cylinder with a diameter D = 5, 10, 12, 15, or 20 mm inside
the test section. The cylinder has the same length as the width of the
test section and is horizontally placed in the test section.

The overpressure and streamwise velocity are measured with a
pressure transducer (PCB Piezotronics, Inc., 113B27) and a hot-wire
anemometer (DANTEC StreamLine with an I-type probe, DANTEC
55P11), respectively. The hot-wire anemometer has been widely
used to measure velocity in turbulent free shear flows,40 such as
wakes, jets, and mixing layers, where the turbulent intensity can
exceed 10%. Previous studies of turbulent jets showed that velocity
statistics obtained with hot-wire anemometry agree well with those
with direct numerical simulations (DNSs) and other measurement
methods.41–43 The pressure transducer and the hot-wire probe are
installed on a measurement plate near the bottom wall of the wind
tunnel. The plate is installed at a height of 75 mm from the bot-
tom wall to prevent a boundary layer on the bottom wall of the
wind tunnel from affecting the pressure measurement.38 The pres-
sure transducer is mounted flush with the wall, which is horizontally
placed in the test section. The wall has the same spanwise length as
that of the test section. The cylinder is placed so that the cylinder
wake develops at the height between the open end of the shock tube
and the pressure measurement location. This arrangement enables
us to measure the pressure jump caused by the shock wave that has
propagated through the cylinder wake. The shock Mach number MS
at the pressure measurement location is 1.004 at a freestream velocity
of 10 m/s without the wake. A computer controls the shock gener-
ator and measurements, where signals from the pressure transducer
and hot-wire anemometer are recorded at a sampling rate of 1 MHz
with an oscilloscope (YOKOGAWA DL850E). The measurement of
overpressure and velocity starts before the shock wave is ejected,
and this allows us to estimate the velocity fluctuation that affects the
overpressure of the shock wave measured at the pressure transducer
location, as described in Sec. II C. The details of these measurement
methods can also be found in Ref. 38.

In all experiments, the streamwise distance between the pres-
sure transducer and the open end of the tube of the shock wave
generator is fixed as 540 mm. The vertical distance of the cylinder
position from the wall is also fixed at 150 mm. On the other hand, the
streamwise position of the cylinder is changed in each experimental
condition. The overpressure measured by the pressure transducer is
strongly influenced by turbulence on the shock ray between the open
end of the shock tube and the pressure transducer position.18,38 Since

the cylinder wake develops in the streamwise direction, one of the
important parameters in the experiments is the streamwise distance
from the cylinder to the shock ray denoted by xs in Fig. 1.

The experiments are conducted for eight sets of (xs, D) with
freestream velocity U0 = 10 m/s. One of the main purposes of this
study is to investigate the shock/turbulence interaction in terms of
the length of turbulent regions through which the shock wave prop-
agates. It is useful to estimate the wake core region as twice the
half-width b based on the mean velocity defect, which is defined as
the mean velocity difference from the freestream velocity. Note that
the outer region of the wake is highly intermittent in the sense that
both turbulent and nonturbulent fluids appear at a certain location.7

Prior to the experiments of the shock/turbulence interaction, we
have measured the streamwise evolution of the half-width b. Based
on the shock ray and the distribution of the wake core region, the
length di over which the shock wave propagates within the wake core
region is obtained and shown in Fig. 1. In this paper, di is called an
interaction length. Table I summarizes the experimental conditions,
where (xs, D) are chosen based on the streamwise rms velocity fluc-
tuation urms and the interaction length di. Here, the statistics of the
cylinder wake are computed with time average and obtained from
experiments conducted independently from the shock/turbulence
interaction experiments. urms is taken at the streamwise distance
of xs away from the cylinder (the streamwise position where the
shock ray intersects the centerline of the cylinder wake). Cases
1–4 have di ≈ 200 mm while urms is different for each case. These
experiments are used to investigate the influence of urms for a fixed
value of di. On the other hand, di is different but urms ≈ 0.5 m/s is
similar for case 1 and cases 5–9. Table I also includes the integral
length scale Lu computed by integrating the autocorrelation function
of streamwise velocity fluctuation and the mean velocity defect on
the centerline, Udef, at the streamwise distance of xs away from the
cylinder.

In addition to the experiments on the interaction of the shock
wave and cylinder wake, experiments are also performed for the
shock wave propagating through grid turbulence or a laminar flow.
The grid turbulence is generated by installing a square grid with a
mesh size of M = 100 mm at the entrance of the test section. The grid
turbulence in this wind tunnel was also studied in Ref. 37. The exper-
iment for the laminar flow is conducted without installing the grid
or the cylinder. In these experiments, the velocity is also measured at
the same position as in the experiments for the cylinder wake. Note

TABLE I. Experimental conditions.

Case D (mm) xs (mm) xs/D b (mm) di (mm) urms (m/s) Lu (mm) di/Lu Udef (m/s) τe/τadv

1 10 750 75.0 25.8 200 0.511 57.6 3.48 1.16 4.35
2 5 1500 300 22.7 208 0.203 62.3 3.34 0.645 11.8
3 12 654 54.5 26.1 201 0.658 66.1 3.03 1.33 3.85
4 15 565 37.6 27.7 201 0.870 68.3 2.94 1.67 3.04
5 5 285 57.0 10.6 85.8 0.539 13.2 6.51 1.23 0.92
6 12 900 75.0 31.6 240 0.529 72.2 3.33 1.16 5.23
7 15 1161 77.4 42.2 305 0.539 98.8 3.09 1.10 7.04
8 20 1500 75.0 53.5 400 0.512 126 3.18 1.08 9.46
9 Grid turbulence . . . 562 0.549 52.8 10.6 . . . 21.1
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that the laminar flow also has a small but nonzero rms velocity fluc-
tuation that is inherent in the wind tunnel, where the laminar flow
with U0 = 10 m/s has urms = 0.05 m/s.

B. Analysis of peak overpressure of shock wave
Figure 2 shows an example of the time history of the overpres-

sure p and velocity u. The shock wave causes a distinct jump in
the overpressure. After the overpressure reaches a peak, it gradu-
ally decreases with time because of the expansion wave propagating
behind the shock wave. The second peak appears around 220 μs
due to the reflection of the shock wave in the wind tunnel. Except
for this second peak, the typical pressure waveform of the spheri-
cal shock wave is obtained in this experiment. Although the velocity
is measured in the turbulent wake, the velocity fluctuations before
the shock arrival look very small in Fig. 2. This is because the time
scale of large-scale velocity fluctuations of the wake is of the order
of 102 ms, which is much longer than the time scale of the horizon-
tal axis of Fig. 2. As the overpressure increases by the shock wave,
the velocity rapidly decreases because of the induced velocity of the
shock wave. Then, the velocity gradually increases as the expansion
wave propagates behind the shock wave. Temperature also changes
by the shock wave. The induced velocity and temperature fluctua-
tions can result in errors in velocity measurement by the hot-wire
anemometer. However, as explained below, we only use the velocity
signal recorded before the shock ejection, and the statistics presented
in this paper are not influenced by the velocity measurement errors
due to the shock wave. For each condition, experiments are repeated
500 times, and 500 sets of time-series data are obtained for overpres-
sure and velocity. The statistical analysis is conducted based on an
ensemble average of 500 datasets denoted by ⟨⋅⟩. The peak overpres-
sure, Δp, can be defined with the peak in the overpressure, as shown
in Fig. 2.

The angle between the measurement plate and the shock ray
toward the pressure transducer is 16○. The effect of the angle on
Δp is investigated by additional experiments conducted with vari-
ous pressure transducer locations. Hereafter, θ is defined as the angle
of the shock ray from the vertically downward direction. The plate
is horizontally placed in the wind tunnel in all experiments while
vertical and horizontal locations of the plate are determined so that
Δp can be measured for different θ with a fixed distance R between

FIG. 2. Time history of overpressure and velocity measured in case 1.

the pressure transducer and the open end of the shock tube. Here,
the distance R is the same as in other experiments conducted in this
study. These experiments provide Δp as a function of θ. An empir-
ical relation between Δp and θ for the regular reflection of a weak
shock wave44 (MS → 1) is written as

Δp(θ) = 0.5Δp(0○)(1 + cos θ). (1)

Figure 3 compares Δp(θ) with Eq. (1), where Δp(0○) is also obtained
by the experiment. The measurement results agree well with Eq. (1),
confirming that θ-dependence of Δp in our experiments is well
explained by the regular reflection. Equation (1) would not be valid
if the reflection on the measurement plate were influenced by com-
plex reflection phenomena such as Mach reflection, in which the
geometry of the incident and reflected shock waves is different from
that of the regular reflection.45 For all experiments in this study, θ
is 74○, and the present experiments measure the peak overpressure
of the shock wave with the regular reflection on the measurement
plate.

In this study, we analyze the effects of turbulence on the sta-
tistical properties of Δp. There are several sources of errors in Δp
measured by the pressure transducer in wind tunnel experiments.
Sasoh et al. analyzed the errors in Δp of the shock wave inter-
acting with turbulence in wind tunnel experiments and proposed
a procedure to evaluate the effects of turbulence on rms fluctua-
tion of Δp.21 We briefly discuss this procedure below and further
details can be found in Ref. 21. The peak-overpressure fluctuation
has a nonzero rms value,

√
⟨Δp2⟩ − ⟨Δp⟩2, even when the shock

wave is ejected in a quiescent fluid. This fluctuation is inherently
caused by the experimental facility and measurement system (e.g.,
electrical noise) independently of turbulent flows. The latter one
is evaluated by computing the rms value of overpressure fluctua-
tion without the shock wave σN(U0) =

√
⟨p2⟩t − ⟨p⟩2t , where the

time average is denoted by ⟨⋅⟩t . Since σN slightly depends on the
freestream velocity U0, σN is measured for U0 = 0 and 10 m/s in
this study. The spherical shock wave produced by the shock wave
generator also has a non-negligible fluctuation in Δp. The contribu-
tion of this fluctuation to

√
⟨Δp2⟩ − ⟨Δp⟩2 can be estimated by the

FIG. 3. Dependence of peak overpressure on the angle between the plate and the
shock ray. Here, θ is the angle between the vertically downward direction and the
shock ray toward the pressure transducer, where the plate is horizontal to the wall.
The relation for the regular reflection [Eq. (1)] is also shown for comparison.
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overpressure measurement of the shock wave ejected in a quies-
cent fluid (U0 = 0 m/s) as σS =

√
⟨Δp2⟩ − ⟨Δp⟩2 − σ2

N(0). It can be
assumed that the fluctuations contributing to σS and σN are inde-
pendent of the influence of turbulence on the shock wave. Then,
the influence of turbulence on the peak-overpressure fluctuation is
evaluated as

(Δprms)T =

√

⟨Δp2⟩ − ⟨Δp⟩2 − σ2
S − σ2

N (2)

with σN measured at U0 = 10 m/s.

C. Correlation between peak overpressure of shock
wave and velocity fluctuation

The correlation between the peak-overpressure fluctuation and
the velocity fluctuation is calculated using the same method as in Ref.
38. The hot-wire probe measures the velocity on the wake centerline,
which is different from the pressure measurement location. Previ-
ous studies of spatial and temporal correlation of turbulent velocity
and pressure jump of the shock wave showed that a pressure jump
fluctuation at one point on the shock wave is not strongly corre-
lated with the velocity at the same point.18,38 A strong correlation is
found for the velocity in the region where the shock wave has already
passed. In other words, once the shock wave interacts with the veloc-
ity fluctuation at one point, this interaction causes the pressure-
jump fluctuation after the shock wave propagates for a certain dis-
tance close to the integral length scale.18,38 In the present experi-
mental setup, the peak overpressure on the wall is expected to be
strongly correlated with the velocity on the ray away from the pres-
sure transducer. Therefore, it is important to measure the velocity
above the pressure transducer. Here, the hot-wire probe is installed
to measure velocity on the wake centerline, whose correlation with
the peak overpressure is investigated with the procedure described
below.

The interaction between the shock wave and wake is studied
in terms of the interaction length di and rms velocity fluctuation
urms. The streamwise velocity is measured using a hot-wire probe,
while the shock ray toward the pressure transducer has an angle of
16○ with the streamwise direction. This angle is partially taken into
account by introducing the interaction length di, which depends on
the angle between the shock ray and the streamwise direction. From
previous DNS studies, it was shown that the velocity in the shock
normal direction, Un, is important in the peak-overpressure fluctu-
ation caused by the interaction. In the present experiments, Un can
be written as Un = U cos(16○) + V sin(16○), where U and V are the
streamwise and vertical components of the velocity vector, respec-
tively. Because of the small angle, the shock normal component is
often dominated by U. Un ≠ U might have influences on the results
plotted against urms and the correlation coefficient between the peak-
overpressure fluctuation and velocity fluctuation. However, the cor-
relations obtained in this study qualitatively agree with the DNS of
the shock wave propagating in isotropic turbulence, where the cor-
relation was calculated with the shock normal velocity.18 Further
quantitative discussions require measurements of the shock normal
velocity.

The correlation analysis uses the signals from the hot-wire
anemometer recorded before the shock wave ejection. It should be
noteworthy that the velocity measured after the shock wave ejection
is influenced by the shock wave. For example, the induced velocity

by the shock wave is also measured by the hot-wire anemome-
ter when the shock wave reaches the probe location. Temperature
correction may be necessary in order to measure the velocity of
turbulence that has interacted with the shock wave because the
shock wave also affects temperature. However, as long as the signals
recorded before the shock ejection are concerned, the velocity mea-
sured by the hot-wire anemometer is not influenced by the shock
wave.

The characteristic velocity of the cylinder wake with the
freestream velocity of 10 m/s is much smaller than the shock propa-
gation speed. Therefore, with Taylor’s frozen turbulence hypothesis,
the time series data U(t) can be used to estimate the instantaneous
streamwise profile of the velocity at the instance of the shock wave
ejection. The convection velocity of the wake can be calculated as
Ucon = (U0 + Uc)/2, where Uc is the mean velocity on the centerline
calculated with time average without the shock wave. The convec-
tion velocity Ucon obtained in this definition shows good agreement
with Ref. 46, and Ucon hardly depends on its definition because the
velocity defect is small. For each experiment, t is defined as time
elapsed after the peak overpressure is observed in the pressure signal.
Hereafter, d is defined as the streamwise distance from the pressure
transducer. U(d) at the height of the hot-wire probe is obtained from
U(t) with d = −Ucont −ΔHP, where ΔHP = 10 mm is the streamwise
distance between the hot-wire probe and the pressure transducer.
The velocity profile U(d) between the streamwise locations of the
pressure transducer and shock tube (0 mm ≤ d ≤ 540 mm) is calcu-
lated from the velocity signal recorded before the shock wave ejec-
tion (t < 0). For investigating scale dependence of turbulence, a low-
pass filter is applied for U(t) as U(t,Δt) = (1/Δt) ∫t+Δt/2

t−Δt/2 U(τ)dτ
with a cutoff time scale Δt, which can be converted to the spatial
length scale Δd = UconΔt with the Taylor hypothesis. These manip-
ulations of the signal yield the low-pass filtered velocity U(d,Δd).
Δd represents the length scale in the streamwise direction. The same
method has often been used in spectral analysis, where frequency is
converted to wavelength.41,42

The peak-overpressure fluctuation Δp′ = Δp −⟨Δp⟩ and low-
pass filtered velocity fluctuation U′ = U(d,Δd) − Uc are obtained
for every ejection of the shock wave. The correlation coefficient R(d,
Δd) between Δp′ and U′(d,Δd) is defined based on an ensemble
average as

R(d,Δd) =
⟨U′Δp′⟩

√

⟨U′2⟩⟨Δp′2⟩
. (3)

The streamwise velocity fluctuation is defined to be positive in
the streamwise direction while the shock wave propagates in the
opposite direction.

Application of the Taylor hypothesis requires that the turbu-
lence evolves more slowly than the advection by the mean flow. The
advection time scale τadv of the wake with the freestream velocity
10 m/s over the streamwise distance 271 mm between the hot-wire
and the shock ray toward the pressure transducer is 0.027 s. Table I
shows the eddy turnover time of large-scale turbulent motions τe
= Lu/urms divided by τadv . In most cases, τe is greater than τadv ,
indicating that the large-scale turbulent motions are slower than the
mean flow advection. However, case 5 has τe/τadv ≈ 1, for which
the turbulence advects itself significantly over time τadv . Therefore,
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except for case 5, the analysis based on the Taylor hypothesis is
applied.

III. RESULTS AND DISCUSSION
A. Statistics of cylinder wake

The streamwise evolution of the wake from the cylinder with D
= 10 mm is presented in Fig. 4 based on the velocity measurement,
where x denotes the streamwise distance from the cylinder center.
Figure 4(a) shows a streamwise distribution of urms/U0. It is known
that urms decays following a power law47 urms/U0 = C(x/D−x0/D)−n.
The least squares method yields C = 0.62, x0/D = 6.5, and n = 0.58
for the present results. Figures 4(b) and 4(c) show Taylor microscale
λ and integral length scale Lu against (x − x0)/D on the wake center-
line. Here, the Taylor microscale is calculated as λ = urms/(du/dx)rms
based on the spatial derivative estimation with the Taylor hypoth-
esis. These length scales also increase in the streamwise direction
following power laws. We obtain λ/D = 0.12(x/D − 6.5)0.31 and Lu/D
= 0.42(x/D − 6.5)0.58 by the least squares method with the virtual ori-
gin obtained for urms. The exponents of the power laws for λ and Lu
are close to the values obtained in previous experiments.47

Figure 5 shows frequency power spectra E(f ) of the stream-
wise velocity fluctuations on the wake centerline for all cases, where
the hot-wire probe is installed on the measurement plate as in the
experiments of the interaction between the shock wave and the
cylinder wake. Peaks associated with Karman vortices cannot be
seen in the power spectra for all cases. There is a range for which
the power spectra follow Kolmogorov’s k−5/3 law shown with the
dashed-dotted line. These results confirm that the turbulent cylin-
der wake has reached a fully developed state before it interacts with
the shock wave.

Figure 6(a) shows probability density functions (PDFs) of
streamwise velocity fluctuation u′ in the cylinder wake at different

FIG. 5. Power spectra of velocity fluctuations.

transverse locations y, where y is defined as the vertical distance from
the center of the cylinder wake. Figure 6(b) shows the skewness and
flatness of u′. The PDFs of streamwise velocity fluctuation at y/b = 0
and 0.5 are close to the Gaussian function, for which the skewness
and flatness are 0 and 3, respectively. These values for the Gaussian
PDF of a variable f, P(f ), can be obtained by calculating averages of
f 2, f 3, and f 4 with the PDF.7 The PDFs gradually deviate from the
Gaussian function as y/b increases and exhibit a negatively skewed
shape at y/b = 1.5.

B. Statistics of peak overpressure
Table II summarizes experimental results of the spherical

shock wave interacting with the grid turbulence or turbulent wakes.
Figure 7 plots the mean peak overpressure ⟨Δp⟩ divided by the atmo-
spheric pressure P∞ against (a) di and (b) urms. Note that ⟨Δp⟩/P∞

FIG. 4. Streamwise distributions of (a)
urms/U0, (b) λ/D, and (c) Lu/D on the
wake centerline. Solid lines are obtained
by the least squares method: urms/U0
= 0.62(x/D − 6.5)−0.58 in (a), λ/D
= 0.12(x/D − 6.5)0.311 in (b), and Lu/D
= 0.42(x/D − 6.5)0.58 in (c).
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FIG. 6. (a) PDFs of streamwise velocity
fluctuation u′ in the cylinder wake (D = 10
mm) at different y locations and (b) skew-
ness and flatness of streamwise veloc-
ity fluctuation. The results are obtained
for the cylinder with D = 10 mm at xs/D
= 75.0.

TABLE II. Summary of experimental results of the spherical shock wave interacting with turbulent cylinder wakes.

Case D (mm) xs (mm) xs/D b (mm) di (mm) urms (m/s) Rmax ⟨Δp⟩/P∞ (Δprms)T/⟨Δp⟩

1 10 750 75.0 25.8 200 0.511 0.384 1.24 × 10−2 1.65 × 10−2

2 5 1500 300 22.7 208 0.203 0.166 1.26 × 10−2 1.13 × 10−2

3 12 654 54.5 26.1 201 0.658 0.415 1.23 × 10−2 2.49 × 10−2

4 15 565 37.6 27.7 201 0.870 0.491 1.21 × 10−2 3.20 × 10−2

5 5 285 57.0 10.6 85.8 0.539 0.114 1.25 × 10−2 1.17 × 10−2

6 12 900 75.0 31.6 240 0.529 0.475 1.21 × 10−2 2.16 × 10−2

7 15 1161 77.4 42.2 305 0.539 0.455 1.25 × 10−2 2.94 × 10−2

8 20 1500 75.0 53.5 400 0.512 0.397 1.25 × 10−2 2.77 × 10−2

9 Grid turbulence . . . 562 0.549 0.235 1.25 × 10−2 2.74 × 10−2

is directly related to the mean shock Mach number by the Rankine–
Hugoniot relation. Here, the cylinder wake experiments with urms
≈ 0.5 m/s are shown in Fig. 7(a), while those with di ≈ 200 mm
are shown in Fig. 7(b). The results for the grid turbulence and lam-
inar flow are also shown in the figures for comparison. For the
cylinder wake experiments in Fig. 7(b), there is a clear trend of
⟨Δp⟩/P∞ decreasing with urms from the value of the shock wave
that has propagated in a laminar flow. However, one cannot find
a particular relation between ⟨Δp⟩/P∞ and di in Fig. 7(a). Values of
⟨Δp⟩/P∞ are similar for the shock waves that have propagated in
the laminar flow and grid turbulence, and the grid turbulence hardly

decreases the mean peak overpressure. One of the important differ-
ences between grid turbulence and cylinder wake is the influence of
the mean velocity gradient. In fully developed turbulent wakes, urms
scales with Udef.7 The relation between ⟨Δp⟩/P∞ and urms in Fig. 7(b)
implies that ⟨Δp⟩/P∞ decreases with the mean velocity defect. The
decrease in ⟨Δp⟩/P∞ due to the nonuniform mean velocity profile
in the wake can be explained by the deformation of the shock wave
described in Fig. 8. The velocity of the shock wave movement can
be expressed as the sum of the fluid velocity and the shock wave
propagation velocity. Because of the velocity defect in the wake, the
shock wave in the wake moves faster than in the freestream region.

FIG. 7. Normalized mean overpressure
⟨Δp⟩/P∞ plotted against (a) interaction
length di [case 1 and cases 5–9 with
urms ≈ 0.5 (m/s)] and (b) rms veloc-
ity fluctuation urms [cases 1–4 with di
≈ 0.2 (m)].
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FIG. 8. Deformation of the spherical
shock wave propagating in the cylinder
wake.

FIG. 9. Relative intensity of peak-
overpressure fluctuation (Δprms)T/

⟨Δp⟩ plotted against (a) interaction
length di [urms ≈ 0.5 (m/s), case 1, cases
5–9] and (b) rms velocity fluctuation urms

[di ≈ 0.2 (m), cases 1–4].

This difference in the shock wave movement results in the deforma-
tion of the shock wave as shown in Fig. 8, where the shock wave tends
to have a convex shape in the direction of the shock wave propaga-
tion. The convex shape causes a defocusing effect23 that attenuates
the shock wave strength and decreases the peak overpressure. Note
that this explanation for ⟨Δp⟩/P∞ in the wake qualitatively agrees
with the shock-tube experiments with a jet.24 A normal shock wave
in the jet was found to be weakened when it propagates in the same
direction as the jet, where the jet with a larger streamwise veloc-
ity than the outside causes the convex shape in the direction of the
shock propagation.

Figure 9(a) shows the relation between the relative intensity
of peak overpressure fluctuation (Δprms)T/⟨Δp⟩ with di, where the
results are taken from experiments with a cylinder wake or grid
turbulence with urms ≈ 0.5 m/s. (Δprms)T/⟨Δp⟩ increases with di
between di = 0 m and di = 0.3 m, and the increase is saturated for
di > 0.3 m, for which (Δprms)T/⟨Δp⟩ hardly depends on di. Even
though both the cylinder wake and grid turbulence used in Fig. 7(a)
have urms ≈ 0.5 m/s, their influences on (Δprms)T/⟨Δp⟩ are differ-
ent for the cylinder wake with small di. Numerical simulations of
a planar shock wave propagating through homogeneous isotropic
turbulence also showed that once the planar shock wave begins to
interact with turbulence, the rms value of fluctuations in the pressure
jump across the shock wave increases with time and then becomes
independent of time after the shock wave propagates for a certain
distance.18 Our experimental results also confirm the same tendency:
(Δprms)T/⟨Δp⟩ increases with the interaction length di and becomes
independent of di for large di.

Figure 9(b) plots (Δprms)T/⟨Δp⟩ against urms, where the
results for the cylinder wake are taken from the experiments with
di ≈ 200 mm. The value of di ≈ 200 mm is in the regime in which

(Δprms)T/⟨Δp⟩ increases with di in Fig. 9(a). For a fixed value of di
≈ 200 mm, (Δprms)T/⟨Δp⟩ monotonically increases with urms. The
increase in (Δprms)T/⟨Δp⟩ with urms is also found in the interaction
between the shock wave and grid turbulence, where the shock wave
propagates only in the turbulent region.21

Figure 10 shows the probability density functions (PDFs)
of the peak-overpressure fluctuation Δp′/Δprms, where Δprms

=
√
⟨Δp2⟩ − ⟨Δp⟩2. The PDFs follow the Gaussian curve well in all

cases. In numerical studies, the influences of turbulence on shock
waves are often studied with the shock surface geometry. It was
shown that the shock wave is wrinkled or broken when the turbu-
lent Mach number is high in relation to the shock Mach number.16

FIG. 10. Probability density functions of peak-overpressure fluctuations.
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FIG. 11. Skewness and flatness of peak-overpressure fluctuations.

Criteria for the shock waves to be broken or wrinkled were proposed
with several functions,9,16 e.g., MT/(MS − 1) and M2

T/(M
2
S − 1). It

should be noted that M2
T/(M

2
S−1) can be interpreted as a measure of

the ratio between the level of the pressure fluctuation induced by tur-
bulence and the pressure jump across the shock wave. For the broken
shock wave, the PDF of the density jump across a shock wave was
found to deviate from the Gaussian function.16 It should be noted
that the peak overpressure Δp′ is almost proportional to the density

jump fluctuation Δρ′.16 The skewness and flatness of Δp′ are plotted
against M2

T/(M
2
S −1) in Fig. 11, where MT = urms/a (a: sound speed).

The values of M2
T/(M

2
S − 1) in our experiments are not large enough

for the turbulence to significantly change the shock surface geome-
try.16 For the range of M2

T/(M
2
S−1) in our experiments, the skewness

and flatness are close to the Gaussian values. Numerical simulations
showed that a fluctuation in pressure jump of a planar shock wave
is correlated with a velocity fluctuation of homogeneous isotropic
turbulence,18 where the PDF of the velocity fluctuation follows the
Gaussian function. In contrast, the velocity fluctuation in the tur-
bulent cylinder wake has a non-Gaussian PDF in the intermittent
region (Fig. 6), where both turbulent and nonturbulent fluids inter-
mittently appear.48 Nevertheless, the shock wave interacting with the
cylinder wake has a peak-overpressure fluctuation whose PDF is well
approximated by the Gaussian function.

C. Correlation between velocity and
peak-overpressure fluctuations

Figure 12 shows color contour plots of the correlation coeffi-
cient R between the velocity fluctuation and peak-overpressure fluc-
tuation defined by Eq. (3) as a function of (d, Δd). Positive values
of the correlation are found in Fig. 12, except for case 2. Case 2
has the smallest rms velocity fluctuation, and the fluctuation of the
peak overpressure induced by turbulence is also small. Therefore, the

FIG. 12. Correlation coefficients R(d,Δd)
between peak-overpressure fluctuation
and velocity fluctuation for (a) case 1, (b)
case 2, (c) case 3, (d) case 4, (e) case
6, (f) case 7, (g) case 8, and (h) case
9. The crosses show (d, Δd) = (dmax,
Δdmax), where R has a maximum value
Rmax. Here, the color of the cross sym-
bols does not represent the level of the
correlation.
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FIG. 13. Comparison of (dmax, h) with the shock ray toward the pressure
transducer.

FIG. 14. Δdmax divided by the integral length scale Lu.

influence of the turbulent cylinder wake is not significant for case 2,
and the weak correlation is obtained in Fig. 12(b). In each case, the
maximum value of R(d, Δd) is denoted as Rmax(dmax, Δdmax), which
is marked with cross symbols. The correlation becomes weaker for
(d, Δd) ≠ (dmax, Δdmax), and the velocity fluctuation at large scales
Δdmax = O(102 mm) at the position of d = dmax is strongly corre-
lated with the pressure fluctuation. Figure 13 compares dmax with
the shock ray from the open end of the shock tube to the pres-
sure transducer. Here, h is the height from the measurement plate.
One can see that the strongest correlation is obtained at the position
near the shock ray. The deviation of dmax from the shock ray can be
seen for case 2, and this is explained by the very weak correlation
between the velocity fluctuation and peak-overpressure fluctuation.

Figure 14 shows Δdmax divided by the integral scale Lu. In the present
experiments, Δdmax is the same order of the integral length scale of
the turbulent cylinder wake. These results of (dmax, Δdmax) indicate
that large-scale turbulent motions near the shock ray affect the peak
overpressure.

Figure 15 plots maximum values of the correlation coefficient
Rmax against (a) di and (b) urms. The correlation becomes stronger
as urms increases in Fig. 15(b). Dependence of Rmax in Fig. 15(b) and
(Δprms)T in Fig. 9(b) on urms indicates that the influence of turbu-
lence on the peak overpressure becomes stronger as urms increases.
In Fig. 15(a), Rmax peaks at di = 240 mm. From di = 200 mm to
240 mm, Rmax increases with di, and the velocity fluctuation becomes
more correlated with the peak-overpressure fluctuation for larger di.
When di is very small, the shock wave stays in the turbulent region
only for a short time. This may weaken the effects of turbulence on
the shock wave for small di. For large di ≥ 300 mm, Rmax decreases
with di. In this case, the shock wave propagates for a length long
enough for (Δprms)T/⟨Δp⟩ to be independent of di in Fig. 9(a). The
correlation is obtained for the velocity at the center of the cylinder
wake while the wake region below the centerline becomes wider with
di. Therefore, in the case of large di, the influence of the velocity
fluctuation on the centerline can be negated by fluctuations below
the wake centerline. This causes the weaker correlation between the
pressure and velocity fluctuation on the centerline.

The positive correlation means that the velocity fluctuation
opposed to the shock wave propagating direction causes the increase
in the peak overpressure, and vice versa. This result is consis-
tent with previous experiments and numerical simulations of the
shock/turbulence interaction,18,38 where a two-point correlation was
also investigated for the velocity fluctuation and the pressure jump
of the shock wave. In these previous studies, the sign of the correla-
tion was explained based on the shock wave deformation.18,38 In our
experiments, negative velocity fluctuations can locally create a con-
vex shape in the direction of the shock wave propagation, and the
defocusing effect for the convex shape decreases the peak overpres-
sure (negative Δp′).23 This effect is similar to the change in the mean
peak overpressure caused by the mean velocity profile in Fig. 8. The
opposite effect is expected for positive velocity fluctuations causing a
concave shape of the shock wave with the focusing effect that ampli-
fies the peak overpressure (positive Δp′).23 These relations between
the velocity fluctuation and Δp′ result in the positive correlation in
Fig. 12. It was also found that there is a time delay for turbulent
velocity fluctuations to change the pressure jump across the shock
wave.38 The effects of the turbulent velocity fluctuations gradually
appear in the fluctuation of the pressure jump, and the fluid velocity

FIG. 15. Maximum values of the correlation coefficient Rmax

plotted against (a) interaction length di [case 1 and cases
5–9 with urms ≈ 0.5 (m/s)] and (b) rms velocity fluctuation
urms [cases 1–4 with di ≈ 0.2 (m)].
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fluctuation on the shock wave surface is weakly correlated with the
pressure jump at the same instance.18 This is why a strong correla-
tion is found between the velocity fluctuation in the cylinder wake
and the pressure measured on the wall.

IV. CONCLUSIONS
Wind tunnel experiments have been conducted for the spheri-

cal shock wave interacting with the turbulent cylinder wake, the grid
turbulence, or the laminar flow. In the experiments with the wake,
the shock wave, generated in the freestream, propagates through the
turbulent cylinder wake and then its peak overpressure is measured
outside the wake. The statistical properties of the peak overpressure
of the spherical shock wave have been investigated in relation to the
streamwise rms velocity fluctuation in the wake, urms, and the length
of the turbulent region di through which the shock wave propagates.
The present experiments demonstrate that inhomogeneity of turbu-
lence is important in the shock/turbulence interaction as summa-
rized below. Successful statistical models for the shock/turbulence
interaction developed in future studies are expected to capture these
effects of inhomogeneity in statistical properties of turbulence.

Pierce showed that the convex shape on the shock wave causes
the defocusing effect that weakens the shock wave,23 while the con-
cave shape has the focusing effect that amplifies the peak overpres-
sure.23 The change in the peak overpressure in this study is also
well explained based on Pierce’s arguments. In the present experi-
ments, the shock wave propagates in the opposite direction of the
mean flow of the wake. The mean peak-overpressure is decreased
by the wake, while the grid turbulence hardly changes the mean
peak overpressure of the shock wave. The decrease in the mean
peak overpressure by the wake is explained by the surface deforma-
tion of the shock wave caused by the mean velocity defect, under
which the shock wave has a convex shape in the direction of the
shock wave propagation. The correlation coefficient between the
low-pass filtered streamwise velocity on the wake centerline and
the peak overpressure fluctuation shows that the velocity fluctuation
associated with large-scale turbulent motions on the shock ray has
strong influences on the peak-overpressure fluctuation. The veloc-
ity fluctuation opposed to the direction of the shock wave prop-
agation is positively correlated with the peak-overpressure fluctu-
ation. This correlation can also be explained by the shock surface
geometry caused by the velocity fluctuation. The velocity fluctuation
opposed to the shock wave propagation can locally create the con-
cave shape on the shock wave with the focusing effect. On the other
hand, the convex shape with the defocusing effect can be created
by the velocity fluctuation in the same direction as the shock wave
propagation.

A series of experiments conducted for different di with a fixed
value of urms have shown that the rms fluctuation of peak overpres-
sure increases with di for small di while it becomes independent of
di once di exceeds a certain value (300 mm in our experiments).
The correlation coefficient in these experiments with various di has
a peak value for di = 240 mm. The correlation becomes weaker for
di < 240 mm, for which the length of the turbulent region is not
large enough to affect the peak overpressure. For larger di, the tur-
bulent flow region away from the wake centerline becomes wider,
and the correlation between the velocity on the wake centerline and
peak-overpressure can be weakened by the effects of these turbulent

fluids. These results clearly show that one of the important parame-
ters in the shock/turbulence interaction is the length of the turbulent
region over which the shock wave propagates.

In the experiments with a fixed value of di, the rms fluctua-
tion of peak overpressure monotonically increases with urms. The
correlation between the velocity fluctuation and peak-overpressure
fluctuation also becomes stronger with urms. Therefore, the turbulent
effects on the shock wave tend to be stronger with urms. It has also
been shown that the PDF of the peak-overpressure fluctuation is well
approximated by a Gaussian function even though the shock wave
has interacted with the turbulent wake, whose velocity fluctuation in
the intermittent region has a non-Gaussian PDF.
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